ABSTRACT: At the initiation of most controlled internal drug-releasing (CIDR) device protocols, GnRH has been used to induce ovulation and reset follicular waves; however, its ability to initiate a new follicular wave is variable and dependent on stage of the estrous cycle. The objectives of the current studies were to determine 1) if inducing luteal regression before the injection of GnRH at time of insertion of a CIDR resulted in increased control of follicular development, and 2) if removing endogenous progesterone by inducing luteal regression before insertion of the CIDR decreased variation in LH pulse frequency. In Exp. 1 and 2, Anguscross cycling beef heifers (n = 22 and 38, respectively) were allotted to 1 of 2 treatments: 1) heifers received an injection of PGF 2α on d −3, an injection of GnRH and insertion of a CIDR on d 0, and a PGF 2α injection and CIDR removal on d 6 (PG-CIDR) or 2) an injection of GnRH and insertion of a CIDR on d 0 and on d 7 an injection of PGF 2α and removal of CIDR (Select Synch + CIDR). In Exp. 3, Angus-cross beef heifers (n = 15) were assigned to 1 of 3 treatments: 1) PG-CIDR; 2) PGF 2α on d −3, GnRH on d 0, and PGF 2α on d 6 (PG-No CIDR); or 3) Select Synch + CIDR. Follicular development and ovulatory response were determined by transrectal ultrasonography. Across all experiments, more (P = 0.02) heifers treated with PG before GnRH initiated a new follicular wave after the injection of GnRH compared with Select Synch + CIDR-treated heifers. In Exp. 1, after CIDR removal, interval to estrus did not differ (P = 0.18) between treatments; however, the variance for the interval to estrus was reduced (P < 0.01) in PG-CIDR heifers compared with Select Synch + CIDR heifers. In Exp. 3, there was a tendency (P = 0.09) for LH pulse frequency to be greater among PG-CIDR and PG-No CIDR compared with the Select Synch + CIDR, but area under the curve, mean LH concentrations, and mean amplitude did not differ (P > 0.76). In summary, induction of luteal regression before an injection of GnRH increased the percentage of heifers initiating a new follicular wave. Removal of endogenous progesterone tended to increase LH pulse frequency, and the modified treatment increased the synchrony of estrus after CIDR removal.
INTRODUCTION
Consistent control of follicular development is essential for the development of estrous synchronization protocols that result in tight synchrony of estrus. Exogenous GnRH has been utilized to ovulate dominant follicles and synchronize follicular waves (see review by Bo et al., 1995) , and several protocols have been developed that use GnRH at the time of controlled internal drug-releasing (CIDR) device insertion to more precisely control follicular development Larson et al., 2006) . However, the ability of GnRH to induce ovulation and initiate a new follicular wave is dependent on the stage of the estrous cycle (Atkins et al., 2008) . Only 45 to 50% of heifers (Pursley et al., 1995; Atkins et al., 2008) and 50 to 66% of beef cows (Geary et al., 2000; Atkins et al., 2010) at various stages of the estrous cycle ovulated in response to an injection of GnRH. After GnRH administration, a new follicular wave was initiated (Roche et al., 1999) , selection occurred in 3 to 4 d (Twagiramungu et al., 1995) , and growth of the selected follicle may be regulated by LH pulse frequency (Kinder et al., 1996) .
When a new follicular wave was initiated at the start of a fixed-time AI protocol, embryo quality was increased compared with cows that did not initiate a new follicular wave (Cerri et al., 2009) . Furthermore, in a recent study, the predicted maximum pregnancy rate of beef heifers occurred at a follicle diameter of 12.5 mm at time of AI, and follicles <10.7 mm or >14.9 mm were less likely to support pregnancy than follicles that were 12.5 mm (Perry et al., 2007) . Therefore, the objectives of the current studies were to determine 1) if inducing luteal regression before the injection of GnRH at time of insertion of a CIDR resulted in increased control of follicular development, and 2) if removing endogenous progesterone by inducing luteal regression before insertion of the CIDR decreased variation in LH pulse frequency.
MATERIALS AND METHODS
All procedures were approved by the South Dakota State University (SDSU) Institutional Animal Care and Use Committee (Exp. 1 and 2) or the Ft. Keogh Institutional Animal Care and Use Committee (Exp. 3).
Exp. 1
Experimental Design. Twenty-two cycling beef heifers at the SDSU Beef Breeding Unit were randomly allotted to 1 of 2 treatments. Heifers received an injection of PGF 2α [25 mg as 5 mL of Lutalyse intramuscularly (i.m.); Pfizer Animal Health, New York, NY] on d −3, an injection of GnRH (100 μg as 2 mL of Cystorelin i.m.; Merial, Athens, GA), and insertion of a CIDR (Pfizer Animal Health, on d 0, and PGF 2α injection and CIDR removal on d 6 (PG-CIDR; n = 11), or were treated with an injection of GnRH and insertion of a CIDR on d 0, and a PGF 2α injection and CIDR removal on d 7 (Select Synch + CIDR; n = 11). Removal of CIDR occurred when there was no difference between treatments in follicle diameter and average follicular diameter was >10.5 mm (based on data from Perry et al., 2007) .
Ultrasonography, Blood Sampling, and Estrus Detection. Ovaries of all heifers were examined by transrectal ultrasonography to characterize follicular development (d −4 through ovulation; except for on d −2 when data could not be collected because of scheduling conflicts not related to the experiment), presence of corpora lutea, and to determine ovulation using an Aloka 500V ultrasound with a 7.5-MHz transrectal linear probe (Aloka, Wallingford, CT). All follicles ≥5 mm in diameter were recorded. Follicle diameter was determined by averaging follicular diameter at the widest point and perpendicular to the first measurement using the internal calipers on the Aloka 500V. Ovulation was defined as the disappearance of a previously recorded large follicle from an ovary. Initiation of a new follicular wave was determined to be occurring when the future dominant follicle was detected at 5 to 6 mm in diameter. Overall follicular growth rates were calculated by taking the diameter of the largest follicle on d 6 or day of CIDR removal (d 6 for PG-CIDR and d 7 for Select Synch + CIDR) and subtracting the diameter of the follicle at time of first detection (5 to 6 mm), then dividing by the number of days over which the growth occurred. Daily follicular growth was determined by millimeter increase in diameter each subsequent day from the initiation of a new follicular wave. Blood samples were collected daily via venipuncture of a jugular vein into 10-mL evacuated tubes (Fisher Scientific, Pittsburgh, PA) from d −5 through the day after CIDR removal (except for on d −2 when samples could not be collected because of scheduling conflicts not related to the experiment) for determination of serum concentrations of estradiol and progesterone. Blood samples were placed on ice, stored at 4°C overnight, and centrifuged at 1,200 × g for 30 min at 4°C. Serum was harvested and stored at −20°C until analysis was performed by RIA. Presence of a corpus luteum and serum concentrations of progesterone >1 ng/mL on d −4 was used to determine cyclic status of heifers. Standing estrus, when a heifer stood to be mounted by another heifer, was detected by visual observation 3 times per day with the aid of Estrotect (Western Point Inc., Apple Valley, MN) estrous detection aids.
Exp. 2
Experimental Design. Thirty-eight prepubertal and cycling beef heifers at the SDSU Cow-Calf Unit were randomly allotted to either the PG-CIDR (n = 19; as described in Exp. 1 with the exception that 9 heifers received Cystorelin and 10 heifers received Factrel, 100 μg as 2 mL; Pfizer Animal Health, New York, NY), or Select Synch + CIDR (n = 19; as described in Exp. 1 with the exception that 9 heifers received Cystorelin and 10 heifers received Factrel).
Ultrasonography and Blood Sampling. Ovaries of all heifers were examined by transrectal ultrasonography on d 0 and 2 to determine ovulation and initiation of a new follicular wave using an Aloka 500V ultrasound with a 7.5-MHz transrectal linear probe. Ovulation was defined as the disappearance of a recorded large follicle from d 0 to 2. Animals were determined to be initiating a new follicular wave when the largest follicle on d 0 was <7 mm in diameter or ovulation occurred between d 0 and 2. Blood samples were collected on d −13 and −3 via venipuncture of a jugular vein into 10-mL evacuated tubes (Fisher Scientific) . Blood samples were placed on ice, stored at 4°C overnight, and centrifuged at 1,200 × g for 30 min at 4°C. Serum was harvested and stored at −20°C until analysis was performed by RIA. Serum concentrations of progesterone >1 ng/mL on d −13 or −3 were used to determine cyclic status of heifers.
Exp. 3
Experimental Design. At the Fort Keogh Animal and Range Research Station, Angus-crossed beef heifers at approximately 14 mo of age (n = 15) were randomly assigned to 1 of 3 treatments. Heifers received either 1) PG-CIDR (n = 5; as described in Exp. 1), 2) PGF 2α (n = 5; 25 mg as 5 mL of Lutalyse i.m.) on d −3, GnRH (100 μg as 2 mL of Cystorelin i.m.) on d −0, and PGF 2α (25 mg as 5 mL of Lutealyse i.m.) on d 6 (PG-No CIDR), or 3) Select Synch + CIDR (n = 5; as described in Exp. 1).
Transrectal Ultrasonography and Blood Sampling. Transrectal ultrasonography was performed daily (d −1 through d 9) using an Aloka 3500 with an intraoperative (finger-grip) 4-to 10-MHz variable probe. Follicles ≥5.0 mm and all corpora lutea were recorded on both ovaries to determine follicular development and estrous cycling status. Follicular measurements were determined as described in Exp. 1. Blood samples were collected daily from d −1 thorough d 7 and every 6 h after CIDR removal for 48 h by venipuncture of the tail vein into 10-mL evacuated tubes for determination of serum concentrations of progesterone and estradiol. Presence of a corpus luteum and serum concentrations of progesterone >1 ng/mL on d −1 were used to determine cyclic status of heifers. Additionally, blood samples were collected every 15 min for 8 h through jugular cannulation on d 4 for determination of serum concentrations of LH. This was accomplished through insertion of a flexible plastic catheter 20 cm into a jugular vein that was connected to a 3-way valve and taped along the back of the heifer. During each blood collection, a syringe was connected to a 3-way valve and approximately 3 mL of blood was drawn through the catheter and discarded. Through the second valve, 5 mL of fresh blood was collected, transferred into an evacuated tube, and kept as a sample. After obtaining the blood sample, 5 mL of saline was injected through the cannula. Serum from all blood samples was processed as described in Exp. 1.
RIA. Circulating concentrations of estradiol-17β were analyzed in all serum samples by RIA using methodology described by Perry and Perry (2008) . Intraand interassay CV for estradiol-17β assays were 5.5 and 4.1%, respectively, for Exp. 1 and 5.6 and 13.2%, respectively, for Exp. 3. Assay sensitivity was 0.4 pg/mL. Circulating concentrations of progesterone were analyzed in all serum samples using methodology described by Engel et al. (2008) . Intra-and interassay CV for progesterone assays were 7.9 and 3.9%, respectively, for Exp. 1, and 4.0 and 3.9%, respectively, for Exp. 3. For Exp. 2, all samples were analyzed in a single assay, and intraassay CV was 1.8%. Assay sensitivity was 0.4 ng/ mL. Circulating concentrations of LH were analyzed in serum samples from the 8-h intensive blood collection periods in Exp. 3 using methodology described by Perry and Perry (2008) . Intra-and interassay CV between assays were 6.8 and 3.2%, respectively. Assay sensitivity was 0.4 ng/mL.
Statistical Analysis
Heifers treated with the PG-CIDR and PG-No CIDR treatments were combined to determine the impact of inducing luteal regression 3 d before an injection of GnRH on controlling initiation of a new follicular wave compared with administration of GnRH at unknown stages of the estrous cycle (Select Synch + CIDR). Differences between treatments in the percentage of heifers that initiated a new follicular wave were analyzed using the Proc LOGISTIC procedure (SAS Inst. Inc., Cary, NC). The model included the independent variables of treatment, experiment, and treatment × experiment. No significant (P > 0.05) treatment × experiment interaction was detected. Therefore, the interaction was removed and the main effect of treatment across experiments was reported. Differences in the diameter of the follicle present and follicular growth rate were determined by ANOVA in SAS by PROC GLM with the independent variables of treatment, experiment, and treatment × experiment. When no significant (P > 0.05) treatment × experiment interaction was detected, the interaction was removed and the main effect of treatment across experiment was reported. When a significant (P < 0.05) treatment × experiment interaction was detected, data were not combined and were reported in each experiment. When a significant (P < 0.05) effect of treatment was detected, LS means were separated by the PDIFF option of SAS.
Within individual experiments, differences in the interval to estrus were determined by ANOVA in SAS by PROC GLM with the independent variables of treatment, experiment, and treatment × experiment. When a significant (P < 0.05) effect of treatment was detected, least squares means were separated by the PDIFF option of SAS. Differences between treatments in the variance associated with the interval to estrus, follicle diameter, and concentrations of progesterone were determined by an F-test of the variance. Effects of treatment on daily follicular growth, follicle diameter, and circulating concentrations of progesterone and estradiol-17β were analyzed by ANOVA for repeated measures in SAS by PROC MIXED (Littell et al., 1998 ). The statistical model consisted of treatment, time, and their interactions. The effect of treatment was analyzed using animal within treatment as the error term, and effects of time and any interaction were analyzed using the residual as the error term. Cluster analysis program (Veldhuis and Johnson, 1986 ) was used to determine area under the LH curve, average concentration of LH, LH pulse frequency, and mean pulse amplitude. Effects of treatment on all LH variables were determined by ANOVA using the GLM procedure of SAS. All data are reported as means ± SE of the mean.
RESULTS
More (P = 0.02) heifers administered PG initiated a new follicle wave compared with Select Synch + CIDRtreated heifers [88% (35/40) vs. 60% (21/35), respectively]. Furthermore, among heifers that initiated a new follicular wave, heifers administered PG tended (P = 0.08) to initiate a new follicle wave 0.41 d before Select Synch + CIDR-treated heifers (1.47 ± 0.14 and 1.89 ± 0.19, respectively). Overall growth rate from initiation of a new follicular wave until d 6 did not differ (P = 0.54) between treatments (1.13 ± 0.07 and 1.08 ± 0.07 mm per day for PG-CIDR and Select Synch + CIDR, respectively). In addition, follicle diameter on d 4 after CIDR insertion did not differ (P = 0.97) between PG-CIDR and Select Synch + CIDR treatments (8.0 ± 0.34 and 8.0 ± 0.34 mm, respectively).
Exp. 1
There were no differences between treatments in follicle diameter on d −4 (P = 0.62) or −3 (P = 0.88). However, on d −1, PG-CIDR-treated heifers had larger (P = 0.02) follicles than Select Synch + CIDR-treated heifers. There was no effect of treatment (P = 0.38) or treatment × day interaction (P = 0.09), but there was an effect of day (P = 0.03) on daily follicular growth from initiation of a new follicular wave until d 6. Growth rate was decreased (P < 0.05) on d 6 compared with d 2, 4, or 5. Furthermore, overall growth rate from initiation of a new follicular wave until d 6 did not differ (P = 0.56) between treatments (1.22 ± 0.08 and 1.15 ± 0.08 mm/d for PG-CIDR and Select Synch + CIDR, respectively). From CIDR insertion until d 6 there was an effect of day (P < 0.01), but no effect of treatment (P = 0.93), and no treatment × day interaction (P = 0.63) on follicle diameter. However on d 6, the variance in diameter of the largest follicle tended to be decreased (P = 0.10) among PG-CIDR-treated heifers (0.50) compared with Select Synch + CIDR-treated heifers (1.46; Figure 1 ).
With the Select Synch + CIDR-treated heifers tending to initiate a new follicular wave later than the PG-CIDR-treated heifers, but having similar growth rates; CIDR were removed from the Select Synch + CIDRtreated heifers on d 7. At time of CIDR removal (d 6 for PG-CIDR and d 7 for Select Synch + CIDR), there was no difference between treatments in diameter of the largest follicle (P = 0.66; 10.9 ± 0.4 and 11.1 ± 0.4 mm for PG-CIDR and Select Synch + CIDR, respectively). However, there was increased variation (P = 0.03) in diameter of the largest follicle among Select Synch + CIDR-treated heifers (2.29) compared with PG-CIDRtreated heifers (0.50). From day of CIDR removal (d 6 for PG-CIDR and d 7 for Select Synch + CIDR) to ovulation, there was an effect of treatment (P = 0.02) and day (P < 0.01), but there was no treatment × day interaction (P = 0.89) on follicle diameter. Follicle diameter increased from CIDR removal to ovulation and was greater in PG-CIDR-treated heifers (12.1 ± 0.2 mm) compared with Select Synch + CIDR-treated heifers (11.4 ± 0.2 mm).
All heifers exhibited standing estrus after CIDR removal. The interval from CIDR removal to the initiation of standing estrus did not differ (P = 0.18) between PG-CIDR-treated heifers and Select Synch + CIDR-treated heifers (55.7 ± 2.1 and 63.3 ± 5.1 h, respectively; Figure 2 ). However, the variance for the interval to estrus was reduced (P < 0.01) after the PG-CIDR treatments (46.3) compared with Select Synch + CIDR treatments (291.6).
There was a treatment × day interaction (P < 0.01) on circulating concentrations of progesterone and estradiol from d −4 to −1 (day before PG to day before CIDR insertion). Concentrations of progesterone did not change (P > 0.24) from d −4 to −1 among heifers treated with the Select Synch + CIDR treatments ( Figure 3 ) and were not different between treatments on d −4 (P = 0.16) and −3 (P = 0.22). However, among heifers treated with the PG-CIDR, treatment concentrations were similar on d −4 and −3, and then decreased (P < 0.03) to d −1 (Figure 3) . Ten of the 11 heifers in the PG-CIDR treatment had concentrations of progesterone >1 ng/mL on d −4. All 10 of these animals had decreased concentrations of progesterone on d −1. The 1 heifer with concentrations <1 ng/mL on d −4 still had concentrations <1 ng/mL on d −1. Concentrations of estradiol did not change (P > 0.15) from d −4 to −1 among heifers treated with the Select Synch + CIDR treatments (Figure 4) , and concentrations were not different between treatments on d −3. However, among heifers treated with the PG-CIDR, treatment concentrations were similar on d −4 and −3, and then increased (P < 0.04) to d −1 (Figure 4) .
There was an effect of treatment (P < 0.01) and tended to be an effect of day (P = 0.07) on concentrations of progesterone from d 0 (CIDR insertion) until d 6 (Figure 3) . However, there was no treatment × day interaction (P = 0.99). In both treatments, concentrations tended to increase from d 0 (2.0 ± 0.7 ng/mL) through d 6 (4.3 ± 0.7 ng/mL). Furthermore concentrations of progesterone were greater among Select Synch + CIDR-treated heifers (4.3 ± 0.4 ng/mL) compared with PG-CIDR-treated heifers (1.9 ± 0.4 ng/mL). Variability in concentrations of progesterone was greater (P < 0.01) among heifers treated with Select Synch + CIDR on all days except d 2, which tended (P = 0.07) to be more variable, and d 3, which did not differ (P = 0.37; Table 1 ). There was an effect of treatment (P < 0.01), day (P < 0.01), and a treatment × day interac-tion (P < 0.01) on concentrations of estradiol from d 0 (CIDR insertion) until d 6 (Figure 4) . Among heifers treated with the Select Synch + CIDR treatments, concentrations on d 2 were decreased compared with d 4 (P < 0.02) and tended to be decreased compared with d 1 (P = 0.07). Concentrations were similar among all other days. Among heifers treated with the PG-CIDR treatment, concentrations of estradiol were increased (P < 0.04) on d 0 and 1 compared with d 3, 4, 5, or 6. Furthermore, concentrations were increased (P < 0.01) among PG-CIDR-treated heifers on d 0 and tended to be increased on d 2 (P = 0.09) and d 3 (P = 0.09) compared with heifers treated with the Select Synch + CIDR treatment. Concentrations then tended (P = 0.08) to decrease among heifers treated with the PG-CIDR treatment and were greater (P = 0.04) in Select Synch + CIDR heifers on d 4. However, there was no difference between treatments on d 5 (P = 0.74) and d 6 (P = 0.50).
After CIDR removal, there was an effect of treatment (P < 0.01), day (P < 0.01), and a treatment × day interaction (P < 0.01) on concentrations of progesterone. On day of CIDR removal (d 6 for PG-CIDR and d 7 for Select Synch + CIDR), concentrations of progester- one tended (P = 0.08) to be greater in Select Synch + CIDR heifers (5.4 ± 1.2 ng/mL) compared with PG-CIDR heifers (2.8 ± 0.8 ng/mL). However, the day after CIDR removal, concentrations of progesterone in both treatments decreased and were not different between treatments (P = 0.56). After CIDR removal, there tended to be an effect of treatment (P = 0.07), an effect of day (P < 0.01), and a treatment × day interaction (P < 0.01) on concentrations of estradiol. On day of CIDR removal (d 6 for PG-CIDR and d 7 for Select Synch + CIDR), concentrations of estradiol were similar between treatments (P = 0.67). Concentrations of estradiol then increased through 96 h after CIDR removal among Select Synch + CIDR heifers, but among There was an effect of treatment (P < 0.01), day (P = 0.01), and a treatment × day interaction (P < 0.01) on circulating concentrations of progesterone from d −4 to −1. There was a treatment (P < 0.01) effect on circulating concentrations of progesterone from d 0 to 6 with day tending (P = 0.07) to affect concentrations. There was no treatment × day (P = 0.99) interaction. *P < 0.05, **P < 0.01.
PG-CIDR heifers concentrations were increased for 72
h, and at 96 h had returned to concentrations similar (P = 0.51) to time of CIDR removal.
Exp. 2
There was no difference between Cystorelin and Factrel in ovulatory response after the first injection of GnRH among all heifers (P = 0.73; 8/18 and 10/20, respectively) or when only heifers with follicles ≥10 mm in diameter at time of GnRH were included (P = 0.75; 8/15 and 10/17, respectively). Therefore, GnRH treatments were combined. The proportion of heifers that initiated a new follicular wave after GnRH was greater (P = 0.04) among PG-CIDR-treated heifers compared with the Select Synch + CIDR-treated heifers (80 vs. 47%, respectively). Among PG-CIDR-treated heifers, there was no difference (P = 0.57) between heifers that were prepubertal and heifers that were cycling in the percentage of heifers that initiated a new follicular wave [67% (2/3) and 81% (13/16), respectively). Among Select Synch + CIDR-treated heifers, more (P = 0.05) prepubertal heifers [100% (3/3)] initiated a new follicular wave compared with estrous cycling heifers [38% (6/16)].
Exp. 3
There tended to be an effect of day (P = 0.07), but there was no effect of treatment (P = 0.22), or treatment × day interaction (P = 0.78) on daily follicular growth from CIDR insertion until d 6. Growth rate tended to decrease on d 5 compared with d 2 and 3 (P < 0.10). Overall growth rate from initiation of a new follicular wave until d 6 did not differ (P = 0.66) among treatments (1.04 ± 0.12, 1.17 ± 0.14, and 1.00 ± 0.12 mm/d for PG-CIDR, PG-No CIDR, and Select Synch + CIDR, respectively). There was no effect of treatment (P = 0.37) on circulating concentrations of estradiol, but there tended to be an effect of day (P = 0.06) and a treatment × day interaction (P = 0.03) from d −4 to −1. There was a treatment (P < 0.01), day (P < 0.01), and a treatment × day (P < 0.01) interaction on concentrations of estradiol from d 0 to 6. *P < 0.05, **P < 0.01. There was an effect of treatment (P < 0.01), day (P < 0.01), and a treatment × day interaction (P < 0.01) on concentrations of progesterone from d 0 (CIDR insertion) until d 6 ( Figure 5 ). Among heifers treated with a CIDR (PG-CIDR and Select Synch + CIDR), concentrations of progesterone increased from d 0 to 1 (P < 0.01), but did not increase (P > 0.33) in PG-No CIDR heifers until d 5. Among Select Synch + CIDR and PG-CIDR heifers, concentrations of progesterone were similar from d 1 through d 6 (P > 0.10), and variation in concentrations of progesterone did not differ among treatments (P > 0.10; Table 2 ). After the PGF 2α injection (d 6 for PG-CIDR and PG-No CIDR heifers, and d 7 for the Select Synch + CIDR heifers), there was an effect of time (P < 0.01) with decreasing concentrations of progesterone, but no effect of treatment (P = 0.97) or a treatment × time interaction (P = 0.14) on progesterone concentration.
There was an effect of treatment (P = 0.01) and day (P < 0.01), but no treatment × day interaction (P = 0.96) on concentrations of estradiol from d 0 (CIDR insertion) until d 6. Concentrations were greater in Select Synch + CIDR heifers compared with PG-CIDR (P = 0.05) and PG-No CIDR heifers (P < 0.01), and concentrations decreased from d 0 to 1 (P = 0.01) and d 2 (P < 0.01), but were not different on d 3, 4, 5, or 6 (P > 0.21). After the CIDR removal (d 6 for PG-CIDR and PG-No CIDR heifers, and d 7 for the Select Synch + CIDR heifers), there was an effect of day (P < 0.01), but no effect of treatment (P = 0.62) or treatment × day interaction (P = 0.19). Concentrations of estradiol increased in all treatments after CIDR removal (P < 0.05).
There was a tendency (P = 0.09) for LH pulse frequency to be greater among PG-CIDR and PG-No CIDR heifers compared with the Select Synch + CIDR heifers (Table 3) . However, area under the curve, mean LH concentrations, and mean pulse amplitude did not differ among PG-CIDR, PG-No CIDR, and Select Synch + CIDR-treated heifers (P > 0.76; Table 3 ). There was a treatment (P < 0.01), day (P < 0.01), and treatment × day (P < 0.01) interaction on concentrations of progesterone. *P < 0.05, **P < 0.01. 
DISCUSSION
Previous research has attributed the decreased pregnancy rates to fixed-time AI among beef heifers to the inability to synchronize waves with an injection of GnRH at the initiation of the synchronization protocol . Ovulatory response to an injection of GnRH is only between 45 to 50% in heifers (Pursley et al., 1995; Atkins et al., 2008) . However, the SD of pregnancy rates among 12 groups of heifers was decreased when an injection of GnRH was administered at the start of a 7-d CIDR fixed-time AI protocol compared with heifers not receiving the injection of GnRH . Furthermore, when heifers were presynchronized with a progestin before an injection of GnRH, more heifers ovulated in response to an injection of GnRH compared with heifers that were not presynchronized (Leitman et al., 2008) , and presynchronization increased pregnancy success in fixed-time AI in beef heifers (Busch et al., 2007) . Pregnancy success was increased among dairy cows that responded to the first GnRH injection (Chebel et al., 2006) , and presynchronization with an injection of PGF 2α has increased pregnancy success to fixed-time AI in dairy cows (Moreira et al., 2001; El-Zarkouny et al., 2004; Navanukraw et al., 2004) . When a new follicular wave was initiated at the start of a fixed-time AI protocol, percentage of grade 1 and 2 embryos, total number of blastomeres, and proportion of live blastomeres were increased compared with cows that did not initiate a new follicular wave (Cerri et al., 2009) . Atkins et al. (2008) reported that heifers on d 18 of the estrous cycle had increased concentrations of estradiol and a greater release of LH in response to an injection on GnRH compared with heifers that received GnRH on d 15, 10, or 2 of the estrous cycle, and the ovulatory response was related to LH release. In the present study, administering an injection of PGF 2α 3 d before an injection of GnRH decreased progesterone and increased estradiol. In addition, inducing luteal regression 3 d before the injection of GnRH increased the percentage of animals that initiated a new follicular wave. Priming of the pituitary gland to release LH is primarily controlled by estradiol (Reeves et al., 1971; Kesner et al., 1981; Padmanabhan et al., 1982) , but progesterone suppressed the expression of GnRH receptors, and removal of progesterone alone was not sufficient to increase expression of GnRH receptors (Nett et al., 2002) . Therefore, a decrease in progesterone and an increase in estradiol may be important in initiating an increase in LH release. When luteal regression was induced before an injection of GnRH in the present study, serum concentrations of estradiol increased and serum concentrations of progesterone decreased. When an injection of PGF 2α is administered to cows between d 6 and 16 of the estrous cycle, the majority of cows regressed their CL and exhibit estrus within 5 d, and the peak in estrus activity occurred between 60 and 80 h (see review by Lauderdale, 2009) .
A previous study reported that there was no difference in follicular size between heifers that ovulated to an injection of GnRH and heifers that did not 9 d later (Atkins et al., 2008) . However, diameter of the largest follicle on d 9 ranged from 4 to 17 mm, and heifers with follicular diameters <9 mm on d 9 had been detected in estrus before d 9 (Atkins et al., 2008) . In the present study, there was increased ovulation in response to the injection of GnRH and decreased variation in follicular size on d 6 in the PG-CIDR treatment compared with the Select Synch + CIDR treatment. After induced ovulation of the previous dominant follicle, a new follicular wave was recruited. Expression of LH receptor mRNA in granulosa cells occurred about 36 h after recruitment began in follicles ≥8 mm in diameter (Bao et al., 1997) , and continued growth is regulated by LH pulses (Kinder et al., 1996) . Among heifers that received an injection of PGF 2α , circulating concentrations of progesterone decreased after the injection and were maintained below 1 ng/mL from d 0 to 5 for PG No-CIDR heifers and between 1.0 and 3.0 ng/mL when the CIDR was in place for PG-CIDR heifers. Previous studies have reported that small doses of progesterone <3 ng/mL increased LH pulse frequency compared with mid-luteal concentrations of progesterone (Roberson et al., 1989; Kojima et al., 1992) . Furthermore, reported variations in LH pulse frequency and amplitude during different days of the luteal phase. The pulse frequency that occurred in the PG-CIDR and PG-No CIDR groups in the present study are similar to the pulse frequency previously reported on d 4 of the estrous cycle 8.96 pulses/24 h) and when a single intervaginal device was used and no CL was present (Kojima et al., 1992) . In addition, circulating concentrations of progesterone were similar to the present study (1.9 ng/mL, Kojima et al., 1992; 3 .38 ng/mL, Cupp et al., 1995) . Circulating concentrations of progesterone ranged from 1 to 6 ng/mL and were more variable in heifers receiving the Select Synch + CIDR treatment, which could have increased variation in LH pulse frequency among these heifers. In Exp. 3, circulating concentrations of progesterone were similar between the Select Synch + CIDR and the PG-CIDR treatments; however, LH pulse frequency of the PG-CIDR treatment was similar to the PG-No CIDR treatment, which had reduced concentrations of progesterone. This is similar to what has previously been reported with exogenous progesterone. When concentrations of progesterone were increased to mid-luteal concentrations (8.5 ng/mL; insertion of 2 vaginal inserts), LH pulse frequency was similar to the pulse frequency of low-progesterone animals (1 vaginal insert), and both were increased compared with mid-luteal controls . Furthermore, Roberson et al. (1989) reported that cows administered exogenous progesterone, resulting in concentrations similar to mid-luteal phase concentrations (6 ng/mL), had increased LH pulse frequency compared with cows with similar concentrations of progesterone during the mid-luteal phase. However, when varying concentrations of endogenous and exogenous progesterone were compared, a similar relationship between concentration of progesterone and LH pulse frequency was reported . It is unknown why in some studies, increased concentrations of progesterone from an exogenous source do not have the same impact on LH pulse frequency as similar concentrations of endogenous progesterone. However, in the present study, Select Synch + CIDR-treated heifers had greater concentrations of estradiol compared with PG-CIDR-treated heifers, and estradiol and progesterone combined had a greater impact on decreasing LH pulse frequency compared with progesterone alone (Stumpf et al., 1993) .
Increased LH pulse frequency during periods of reduced progesterone could drive increased follicular growth rates (Fortune, 1994) . Follicular growth rate was decreased during the second follicular wave (luteal phase) compare with the first follicular wave in Holstein heifers (Fortune et al., 1988) . Likewise, LH pulse frequency among PG-CIDR heifers was similar to the LH pulse frequency observed during d 4 to 6 of the estrous cycle , but LH pulse frequency of the Select Synch + CIDR-treated heifers was more similar to mid-luteal phase frequency (d 10 to 14; Cupp et al., 1995) . Increased follicular turnover, decreased variation in concentrations of progesterone, and decreased variation in follicular diameter among heifers treated with the PG-CIDR treatment resulted in a more consistent ovulatory follicle diameter and tighter synchrony of estrus.
In summary, induction of luteal regression 3 d before an injection of GnRH at the time of CIDR insertion decreased concentrations of progesterone, increased concentrations of estradiol at time of injection of GnRH, and increased the percentage of heifers that initiated a new follicular wave. In addition, inducing luteal regression tended to increase LH pulse frequency and decreased variation in LH pulse frequency. When CIDR removal occurred at a similar follicle diameter (d 6 for PG-CIDR and d 7 for Select Synch + CIDR), interval to estrus did not differ between treatments, but variation in the interval to estrus decreased.
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